
Article

Immune–epithelial cell cross-talk enhances
antiviral responsiveness to SARS-CoV-2 in children
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Abstract

The risk of developing severe COVID-19 rises dramatically with age.
Schoolchildren are significantly less likely than older people to die
from SARS-CoV-2 infection, but the molecular mechanisms under-
lying this age-dependence are unknown. In primary infections,
innate immunity is critical due to the lack of immune memory.
Children, in particular, have a significantly stronger interferon
response due to a primed state of their airway epithelium. In
single-cell transcriptomes of nasal turbinates, we find increased
frequencies of immune cells and stronger cytokine-mediated inter-
actions with epithelial cells, resulting in increased epithelial
expression of viral sensors (RIG-I, MDA5) via IRF1. In vitro, adoles-
cent peripheral blood mononuclear cells produce more cytokines,
priming A549 cells for stronger interferon responses to SARS-CoV-
2. Taken together, our findings suggest that increased numbers of
immune cells in the airways of children and enhanced cytokine-
based interactions with epithelial cells tune the setpoint of the
epithelial antiviral system. Our findings shed light on the molecu-
lar basis of children’s remarkable resistance to COVID-19 and may
suggest a novel concept for immunoprophylactic treatments.
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Introduction

The COVID-19 pandemic represents one of the most devastating

global health crises in modern times, with upwards of 6.9 million

confirmed deaths (http://covid19.who.int, accessed July 10, 2023)

and models suggesting a true death toll of up to 20 million or more

(Wang et al, 2022). While severe, life-threatening COVID-19 chronic

comorbidities such as hypertension, diabetes, cardiovascular dis-

ease, and obesity, as well as certain genetic factors, clearly play a

role (Ng et al, 2021), the clearest and most striking predisposing fac-

tor is age. While only < 0.001% of school-age children died of the

infection during the pandemic phase, infection fatality rates (IFR)

increased almost perfectly exponentially with age reaching above

10% in the very elderly (O’Driscoll et al, 2021). This relation is also

reflected in the general clinical features of infection, where children

and adolescents generally display fewer symptoms with shorter

duration as compared to adults and in particular the elderly, despite

no strong difference in initial viral loads (Jones et al, 2021; Toh

et al, 2022). The underlying molecular causes for this remarkable

resistance of children and adolescents to develop severe COVID-19

have so far been incompletely understood.

In contrast to the situation with widely circulating respiratory

viruses, such as influenza or respiratory syncytial virus (RSV), in

the pandemic phase of SARS-CoV-2 individuals of all ages were

immunologically na€ıve with no prior exposure to the virus. Hence,

adaptive immune memory did not exist, and virus defense heavily

relied on the responsiveness and strength of the innate immune sys-

tem across all age groups. Indeed, hugely powered clinical associa-

tion studies identified dysfunction of the antiviral type I interferon
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(IFN) system of the innate immune system to play a decisive role in

the development of severe and life-threatening COVID-19 (Bastard

et al, 2020; Zhang et al, 2020; Lopez et al, 2021). This was seem-

ingly at odds with numerous early reports describing exuberant pro-

duction of cytokines (“cytokine storm”), including type I IFNs, as a

hallmark of severe COVID-19 (Lee et al, 2020; Lucas et al, 2020;

Zhou et al, 2020). However, these seemingly disparate findings can

be reconciled when the kinetics of the IFN response are taken into

account (Park & Iwasaki, 2020; Wong & Perlman, 2022): Early and

robust production of type I (and III) IFNs in the initially infected tis-

sue of the upper respiratory tract is clearly antiviral and contributes

to the immunological containment of the virus (Cheemarla

et al, 2021; Lopez et al, 2021; Sposito et al, 2021), whereas a

delayed onset but lasting induction of IFN rather represents a sec-

ondary production of IFNs as a consequence of dysregulated

immune responses (cytokine storm) and is associated with more

severe courses of the disease (Blanco-Melo et al, 2020; Lee et al,

2020; Lucas et al, 2020).

Early and local IFN is normally elicited intrinsically by virus-

infected cells. Pattern recognition receptors (PRRs) of the host cell

recognize nonself moieties, such as unusual nucleic acids intro-

duced by the virus. Signaling downstream of the PRRs activates the

transcription factors NFjB and IRF3, leading to the production and

secretion of type I and III IFNs (see also Fig 1A). For RNA viruses,

the RNA-sensing PRRs such as TLR3 and the RIG-I-like receptor

(RLR) family, comprising RIG-I and MDA5 (with LGP2), are of par-

ticular relevance. SARS-CoV-2 is a positive-strand RNA virus that

primarily infects ACE2-expressing ciliated epithelial cells in the lin-

ing of the respiratory tract (Lamers & Haagmans, 2022). Its ~30 kb

genome encodes a highly efficient replicase complex, enabling rapid

replication dynamics in permissive cells (Blanco-Melo et al, 2020;

Chu et al, 2020b; Neufeldt et al, 2022). Additionally, numerous viral

proteins possess the capacity to antagonize antiviral immune

responses (Hayn et al, 2021; Lee et al, 2022). Taken together, the

immediate-onset translation (positive-stranded RNA), rapid RNA

replication, and high number of immune antagonists render SARS-

CoV-2 highly efficient in preventing the mounting of host cell-

intrinsic production of type I and III IFNs (Blanco-Melo et al, 2020;

Neufeldt et al, 2022). This lack of IFN induction experimentally

hampered the study of cellular sensing pathways, but recently

MDA5 has been identified as the major sensor for SARS-CoV-2 in

epithelial cells (Rebendenne et al, 2021; Sampaio et al, 2021; Yin

et al, 2021). Interestingly, downstream of MDA5, viral antagonists

specifically block the activation of IRF3 and thereby the induction of

IFNs, while activation of NFjB remains possible, leading to the pro-

duction of a pro-inflammatory set of cytokines (Neufeldt

et al, 2022); in fact, NFjB has been reported to support SARS-CoV-2

replication (Nilsson-Payant et al, 2021). Very likely, this skewed

cytokine profile directly contributes to the dysregulation of down-

stream events such as the recruiting and activation of professional

immune cells mediating a proper antiviral immune response (classi-

cally termed type 1 immunity) (Wong & Perlman, 2022). Recently,

we and others have found that, in contrast to the situation in adult

patients, epithelial cells in the mucosa of children and adolescents

more readily mount a robust IFN response upon SARS-CoV-2 infec-

tion (Loske et al, 2022; Yoshida et al, 2022). This is very likely a

major contributor to the striking resilience of young individuals

toward developing severe COVID-19.

In the present study, we aimed to better understand the underly-

ing determinants for a proper induction of IFN in infected airway

epithelial cells versus its failure. We previously observed a preacti-

vated state of immune and epithelial cells in the upper airways of

children prior to infection, characterized by a higher expression

level of RLRs, in particular MDA5, as compared to adults (Loske

et al, 2022). This sensitized state was associated with a rapid and

robust induction of an IFN signature across epithelial and immune

cell types upon SARS-CoV-2 infection. We hence speculate that sub-

tle differences in the set-point of the virus-sensing machinery in epi-

thelial cells would have a decisive role in the successful mounting

of an IFN response. Confirming this hypothesis, we report that prim-

ing epithelial A549 cells with low to moderate doses of type I IFN or

select inflammatory cytokines sensitizes their RLR pathway suffi-

ciently to produce robust levels of type I and III IFNs upon SARS-

CoV-2 infection. While MDA5 was the major sensor for this

response, we additionally find a substantial contribution from RIG-I.

With regard to why specifically children’s epithelial cells exhibit this

primed state, we looked into the involvement of immune cells. In

single-cell RNA sequencing (scRNA-Seq) data from nasal swabs

taken from healthy children or adults, we found a substantially

higher number of immune cells in the nasal mucosa of children, as

well as substantially stronger immune-epithelial interactions (Loske

et al, 2022). In an in vitro model, we could show that microbially

stimulated immune cells (PBMC) of children are able to induce

stronger RLR expression in A549 epithelial cells than PBMCs of

adults, sufficient to enable robust IFN induction upon SARS-CoV-2

infection. This effect was mediated by both type I IFN as well as

pro-inflammatory cytokines such as IFN-c, IL-1b, and TNF. We con-

firmed these cytokines are constitutively expressed by immune

cells in the nasal mucosa of children, very likely conferring the

priming of their epithelial cells and eventually enabling the robust

immune response to SARS-CoV-2 infection observed in children and

adolescents.

Results

Priming with type I IFN renders lung epithelial cells competent
to respond to SARS-CoV-2 infection

SARS-CoV-2 infection has been described to elicit a severely skewed

cytokine response in epithelial cells, with a substantially dampened

IFN component but high amounts of pro-inflammatory mediators

(Blanco-Melo et al, 2020; Chu et al, 2020a; Lamers & Haag-

mans, 2022; Neufeldt et al, 2022) (for a scheme of the cell-intrinsic

antiviral pathways relevant for this study, see Fig 1A). This lack of

an early antiviral innate immune response at the site of primary

infection is thought to be a major contributor to the development of

severe COVID-19 (Yoshida et al, 2022). We and others have

observed swifter and stronger IFN-responses upon SARS-CoV-2

infection in the upper airways of children than in those of adults

(Neeland et al, 2021; Vono et al, 2021; Loske et al, 2022; Yoshida

et al, 2022). In scRNA-Seq analyses, we found this to correlate with

the presence of a subtle IFN-like transcriptional signature in nasal

epithelial cells of children even in the absence of infection, with a

clearly higher expression of genes of the viral sensing machinery

such as RIG-I (encoded by the RIGI gene) and MDA5 (encoded by
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Figure 1. Impact of cell priming on RLR signaling kinetics and interferon response to SARS-CoV-2 infection.

A A schematic overview of the cell-intrinsic antiviral response pathways relevant to this study.
B A549 cells were mock-treated or primed with 1 × EC50 (170 IU/ml) of IFN-b for 16 h. RIG-I was then synchronously stimulated in all cells by electro-transfection of

50ppp-dsRNA. At the indicated time points, cells were lysed and analyzed for IFN-b (IFNB1) gene expression by qRT-PCR. Biological replicates (n = 2) are shown as indi-
vidual dots.

C A549ACE2/TMPRSS2 cells were mock-treated or primed as in (B), followed by infection with SARS-CoV-2 (MOI 0.1). At 24 h post infection, IFN-b expression was measured
by qRT-PCR. Values were normalized to 45S rRNA levels and expressed relative to non-infected mock-treated cells. Bars represent means � SD, n = 3 (biological repli-
cates, individual experiments shown as dots). Statistical significance between the corresponding uninfected and infected samples was tested by an unpaired two-
tailed t-test; **P < 0.01.

Source data are available online for this figure.
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the IFIH1 gene) (Loske et al, 2022). This suggested a primed state of

epithelial cells in children, which might render their innate antiviral

system more sensitive in detection and more robust in its response.

To confirm this hypothesis, we in vitro primed A549 human lung

epithelial cells and assessed the effect on their antiviral response

dynamics. We primed the cells by pretreating them overnight (16 h)

with a moderate dose of 170 IU/ml of IFN-b, determined to be the

EC50 with regard to ISG induction in A549 cells (Fig EV1A). We then

triggered RLR-signaling by electro-transfection of the RIG-I agonist

50ppp-dsRNA, as described in Burkart et al (Burkart et al, 2023). To

monitor RLR pathway activity over time, we measured IFN-b
(encoded by the IFNB1 gene) transcription as a specific downstream

readout for antiviral PRR signaling. In non-pretreated cells, dsRNA

stimulation gradually induced IFN-b expression, reaching maximum

levels at 4–8 h and declining thereafter (Fig 1B, gray line). As

expected, pretreatment alone only triggered negligible IFN-b tran-

scription (Fig 1B, 0 h and Fig 1C, mock-infected; note that baseline

expression of IFN-b is virtually absent with cT values close to the

detection limit). However, upon dsRNA stimulation, IFN-b primed

cells mounted a 1–2 log stronger response than non-pretreated cells

(Fig 1B, blue line). This response was not only higher in amplitude

but also notably swifter, reaching peak activation already at 2 h

after stimulation. This illustrated the quantitative but also qualita-

tive enhancement of RLR signaling and IFN induction in cells with a

primed antiviral system.

While priming cells with IFN is not a novel concept, we pro-

pose that in particular this kinetic impact—often neglected in pre-

vious studies—will provide a significant advantage for cells in

responding to and fending off virus infection. Many viruses, and

in particular SARS-CoV-2, encode and express antagonists of the

cellular antiviral defense (Lee et al, 2022). We and others have

described SARS-CoV-2 to potently suppress the induction of IFNs

in respiratory epithelial cells, likely due to its rapid replication and

expression of a multitude of antagonists (Lee et al, 2022; Neufeldt

et al, 2022; Thorne et al, 2022). We hypothesize that upon prim-

ing, the faster response dynamics of the antiviral system could

confer a substantial advantage (“head-start”) to cells, such that

the IFN system could be elicited before viral antagonism is fully

mounted. To test this hypothesis, we pretreated A549 cells expres-

sing ACE2 and TMPRSS2 (A549ACE2/TMPRSS2) with the same regi-

men of 1× EC50 of IFN-b for 16 h and then infected them with

SARS-CoV-2. As described previously, SARS-CoV-2 infection did

not elicit an IFN-b response in mock-treated A549 cells (Fig 1C,

gray bars). In contrast, IFN-priming of cells restored their capacity

to mount a robust response upon SARS-CoV-2 infection with ~100-

fold induction of IFNB1 transcripts (Fig 1C, blue bars). We con-

firmed these observations also in another human lung epithelial

cell line, Calu-3, in which IFN levels ensuing SARS-CoV-2 infection

were also increased upon prior priming (Fig EV1B). Taken

together, this demonstrates that priming of epithelial cells can

qualitatively change their response to virus infection. Mimicking

the situation in adult patients, untreated A549 cells fail to induce

an IFN response upon SARS-CoV-2 infection. However, upon prim-

ing, similar to the situation observed in children, A549 cells

become sensitized and able to rapidly respond to virus infection.

This strongly suggests that also in vivo tissue exposure to cyto-

kines can critically modulate the responsiveness of epithelial cells

to SARS-CoV-2.

Primed epithelial cells mount an effective antiviral state upon
SARS-CoV-2 infection through viral sensing by MDA5 and RIG-I

Having established primed versus nonprimed A549 cells as a sim-

plistic model of the different states of the nasal epithelium in chil-

dren versus adults, we next addressed two important questions: (i)

which PRR(s) detect SARS-CoV-2 in epithelial cells? and (ii) is the

IFN response elicited upon infection of primed cells antiviral? Previ-

ous studies pinpointed MDA5 as the major cytosolic sensor for

SARS-CoV-2 (Rebendenne et al, 2021; Sampaio et al, 2021; Thorne

et al, 2021; Yin et al, 2021), but TLRs have also been implicated in

cytokine responses to the virus (Asano et al, 2021; Khanmoham-

madi & Rezaei, 2021). We, therefore, made use of A549 cells with

CRISPR/Cas9-based functional knockouts (KO) of the central adap-

tors of different PRR axes: MyD88 and TRIF for the TLRs, STING for

cytosolic DNA sensors such as cGAS, and MAVS for the RLRs RIG-I

and MDA5 (see Fig 1A for a schematic overview); IFNARKO cells

were used as a negative control incapable of being primed by IFN-b.
We observed that only cells devoid of MAVS entirely abrogated

IFN-b induction, while KO of STING, MyD88, or TRIF had no effect

(Fig 2A). To identify the actually responsible receptor upstream of

MAVS, we investigated the role of RIG-I and MDA5 individually by

priming individual KOs and double KO cell lines and assessing their

IFN response upon infection. Since MDA5 and RIG-I are classical

ISGs themselves, pretreatment of cells with IFN-b resulted in high

MDA5 and RIG-I protein levels (Figs EV1C and 2C, compare NT and

IFNARKO). SARS-CoV-2 infection of primed cells lacking RIG-I but

expressing high levels of MDA5 exhibited strong IFN-b induction

similar to or even slightly stronger than wild-type (NT) cells

(Fig 2B). In contrast, the absence of MDA5, despite high levels of

RIG-I, resulted in a 2.4-fold reduction of IFNB1 transcripts relative

to control cells. Strikingly, IFN-b induction was fully abolished

when both sensors were lacking (Fig 2B), suggesting that both RIG-I

and MDA5 are essential for a full-fledged IFN response in epithelial

cells. This was also confirmed at a level downstream of IFN produc-

tion and IFN receptor signaling by monitoring the phosphorylation

of STAT2. Activation of STAT2 was still observed upon infection of

RIG-I or MDA5 single KOs, but was fully diminished only in the dou-

ble KO cells (Figs 2C and EV1D). Hence, priming of cells with IFN

allowed us to study SARS-CoV-2 sensing pathways at the endoge-

nous level (i.e., without requiring ectopic expression of PRRs) and

to genetically dissect the molecular requirements. We identified a

co-requirement of MDA5 and RIG-I for mounting a full-fledged IFN

response.

While our data clearly showed the restoration of an

RLR-mediated IFN response toward SARS-CoV-2 infection in IFN-b-
primed cells, it remained unclear whether this response was effec-

tively antiviral. Therefore, we next assessed viral replication upon

infection of IFN-b-primed cells. We again used a low dose (1× IC50)

of IFN-b for pretreatment of A549ACE2/TMPRSS2 cells and then

infected them with SARS-CoV-2. As expected, viral replication at

24 h postinfection was significantly (~10-fold) reduced in IFN-pre-

treated cells as compared to mock-treated cells (Fig 2D, brown

bars), while no effect was observed in IFNARKO control cells

(Fig 2D, green bars). Strikingly, IFN-b-pretreatment tended to be

less effective in suppressing viral replication in cells lacking func-

tional MDA5 or RIG-I and was almost completely ineffective (no sta-

tistically significant effect) in RIG-I/MDA5DKO cells lacking both
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receptors (Fig 2D, pink bars). This was surprising, as generally the

direct induction of ISGs downstream of IFN receptor signaling was

held accountable for the antiviral effects of IFN-(pre-)treatment. Our

results now underscore the critical importance of RLR-mediated pos-

itive feedback for the effects of low-dose IFN. Indeed, at higher

doses of IFN-b (10× IC50) the effects of pretreatment were signifi-

cantly stronger and virtually independent of the presence of RLR

feedback (Fig EV1E). These observations, therefore, demonstrate a

clear antiviral effect of the cell-intrinsically induced IFN response

upon RLR-mediated recognition of the SARS-CoV-2. Moreover, they

support the notion that low local concentrations of IFNs in the tissue

can effectively prime cells for more sensitive detection of potential

viral infection, rather than directly eliciting an antiviral state.

Elevated levels of MDA5 and RIG-I in epithelial cells of children
suffice to induce IFN production upon SARS-CoV-2 infection

The above experiments suggested that IFN-priming of cells increases

the sensitivity of the antiviral system largely by inducing the expres-

sion of viral sensors. Nonetheless, IFN-treatment upregulates a

plethora of genes, possibly also factors downstream of the RLRs. In

order to assess if the enhanced expression of only RIG-I or MDA5

suffices to reconstitute productive viral sensing, we generated stably

overexpressing cells. We reconstituted RIG-I or MDA5 expression in

double KO cells (A549 RIG-I/MDA5DKO) by lentiviral transduction

under the control of the weak ROSA26 promoter (Fig 3A, bottom).

This led to the expression of moderate amounts of either RIG-I or

Figure 2. PRR-dependence of the antiviral response to SARS-CoV-2 in primed cells.

A, B A549ACE2/TMPRSS2 cells harboring the indicated CRISPR/Cas9-mediated functional KOs of (A) the major PRR adaptors or of (B) the RLRs (R/MDKO: RIG-I/MDA5 double-
KO) were either mock-treated or primed with IFN-b followed by infection with SARS-CoV-2 (MOI of 0.1) for 24 h. IFN-b (IFNB1) gene expression was determined by
qRT-PCR. Values were normalized to 45S rRNA levels.

C Primed and infected A549ACE2/TMPRSS2 cells (as in A, B above) with the indicated KOs were lysed 24 h post infection and analyzed by immunoblotting using the
indicated antibodies. The blot is representative of two biological replicates.

D Mock-treated or primed cells with the indicated KOs were infected with SARS-CoV-2 (MOI 0.1). At 24 h postinfection, intracellular viral genome levels were
determined by qRT-PCR. Values were normalized to 45S rRNA levels and expressed relative to nonprimed wild-type (NT) cells.

Data information: In (A, B and D), bars represent mean � SD, n = 3 (biological replicates, individual experiments shown as dots). Statistical significance in (A and B) was
tested between mock uninfected and infected samples, and between mock infected and IFN-b-primed infected samples by an unpaired two-tailed t-test; in (D)
significance was tested by an unpaired one-tailed t-test, comparing each sample against the respective IFNAR1KO control. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001, no asterisk: not significant.
Source data are available online for this figure.
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MDA5 without triggering signaling and IFN induction on its own

(Fig 3A, light bars). Upon infection with SARS-CoV-2, however,

IFNB1 transcription was significantly induced both in RIG-I and

MDA5 overexpressing cells (Fig 3A, dark bars). These experiments

demonstrate that, indeed, the enhanced expression of RLRs suffices

to sensitize cells and enable them to mount an IFN response toward

SARS-CoV-2 despite its fast replication and strong immune

antagonism.

This corroborates our previous observation that higher expres-

sion of viral sensors in the nasal airways of children prior to infec-

tion is associated with significantly stronger IFN responses upon

SARS-CoV-2 infection (Loske et al, 2022). Briefly, in that earlier

study, we analyzed nasal airway swabs of healthy and SARS-SoV-2-

infected children and adults by scRNA-Seq. Now focusing exclu-

sively on the samples of healthy donors, comprising 18 children (4–

16 years, median age 9.0) and 23 adults (24–77 years, median age

46.0), finer analysis of the data revealed a gradual decrease of

MDA5 expression levels in nasal epithelial cells with increasing age

of the individuals (Fig 3B). RIG-I was also confirmed to be signifi-

cantly higher expressed in the epithelium of children and adoles-

cents; however, the gradual decrease between age groups was less

clear (Fig 3B).

Taken together, our data from A549 cells shows the efficacy of

IFN-priming to be largely mediated by the induced expression of the

viral sensors themselves, RIG-I and MDA5. Coherently, we find age-

dependent expression levels for MDA5 and RIG-I in nasal airway

samples of healthy volunteers, corroborating the notion of func-

tional priming of epithelial cells in children and teenagers.

Nasal mucosa of children exhibits higher number of immune
cells and substantially more immune-epithelial cell interactions

Having established the molecular functioning of the increased cellu-

lar responsiveness to SARS-CoV-2 infection in primed epithelial

cells, we next wanted to understand the upstream source of this

priming in the nasal airways of children. We hypothesized that

Figure 3. Impact of increased RLR expression on the antiviral response to SARS-CoV-2 in nonprimed cells.

A A549ACE2/TMPRSS2 cells deficient for RIG-I and MDA5 were reconstituted to express only MDA5 or RIG-I by lentiviral transduction. Cells were mock-infected or infected
with SARS-CoV-2 (upper panel: MOI 0.01, lower panel: MOI 1) for 24 h. IFN-b (IFNB1) expression was determined by qRT-PCR (bar graph), and MDA5, RIG-I, and STAT2
protein levels as well as STAT2 phosphorylation (pSTAT2) were analyzed by immunoblotting (lower panel). qPCR values were normalized to 45S rRNA and expressed
as mean � SD, n ≥ 4 (biological replicates, individual experiments shown as dots). Statistical significance between mock and infected samples was tested by a paired
two-tailed t-test. *P < 0.05, **P < 0.01, no asterisk: not significant. Immunoblot representative of two biological replicates.

B Nasal swabs were taken from healthy individuals of the indicated age groups (n = 18 children, n = 23 adults) and analyzed by scRNA-Seq (Loske et al, 2022). MDA5
(IFIH1) and RIG-I (RIGI) gene expression were quantified across all epithelial cell types of children and adults and displayed as violin plots (median indicated). Statisti-
cal significance between all conditions was tested using a two-tailed Wilcoxon comparison adjusted with a Bonferroni correction. ***P < 0.001, no asterisk: not
significant.

Source data are available online for this figure.
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tissue resident and other local immune cells in the mucosa may be

involved in the priming of epithelial cells and modulating the

homeostatic set-point of cell-intrinsic immunity in the tissue, as has

been suggested before (Larsen et al, 2020; Hewitt & Lloyd, 2021).

Therefore, we again turned to the scRNA-Seq data of nasal swabs of

healthy children and adults. First, we assessed the number

of immune cells present in the mucosal samples. We found vastly

higher proportions of immune cells in the nasal mucosa of children

(> 50%) than that of adults (< 10%), in particular neutrophils, T-

cells, macrophages, and dendritic cells (Fig 4A, finer subtyping of

cells in Fig EV2A) (Loske et al, 2022). This supported the notion that

immune cells may indeed play an important role in priming the air-

way epithelium in children. To further corroborate this notion, we

then analyzed immune–epithelial cell interactions. For this purpose,

we mapped the expression levels of ligands (e.g., cytokines) and

their corresponding receptors at the single cell level using the Cell-

Chat database (Jin et al, 2021), which we augmented with a recently

published very comprehensive interaction map (“physical wiring

diagram”) of the human immune system (Shilts et al, 2022). This

method allowed us to infer possible molecular interactions of each

cell type with every other cell type in the sample and to quantify

both the number of detected ligand–receptor pairs between two

interacting cell types as well as their interaction strength by taking

expression levels into account. Strikingly, we observed substantially

more but also stronger inferred immune–epithelial cell interactions

in children than in adults (Fig 4B bar graph, Fig EV2B and C). In the

circular interaction plot of Fig 4B, each immune cell type is

connected to the epithelial cell types it can interact with. If the num-

ber of distinct ligand-receptor pairs of such an interaction is higher

in children than in adults, the arrow is yellow; if adults expressed

more ligand-receptor pairs, the arrow is blue. This clearly showed

that all immune cell interactions (except for those of proliferating T-

cells) were based on a broader set of ligand-receptor pairs in chil-

dren than in adults, fostering the notion of a substantially higher

connectivity of immune and epithelial cells in the mucosa of youn-

ger individuals.

Immune cells stimulate RLR expression in epithelial cells in an
IFN-dependent as well as -independent manner

Based on the above analyses, we speculated that the increased pres-

ence of immune cells in the nonsterile environment of the nasal

mucosa may shape the local cytokine milieu and could be decisive

for the heightened expression of RIG-I and MDA5. In order to

approach this in a simplified in vitro experimental model, we used

isolated human immune cells (peripheral blood mononuclear cells,

PBMC) and mimicked microbial encounters by exposing them to a

Gram-negative model bacterium (Yersinia enterocolitica, Ye)

(Fig 4C). To prevent bacterial overgrowth, bacteria were killed after

1 h by gentamicin. In order to functionally assess the ensuing cyto-

kine response, we transferred the sterile-filtered PBMC supernatant

to A549 cells 24 h later. We observed a substantial increase in

expression of both RLRs in A549 cells exposed to the supernatants

of stimulated PBMCs (Figs 4D and EV2D). As RIG-I and MDA5 are

ISGs, this induction was likely to be mediated by IFNs produced by

innate immune cells. Indeed, KO of the type I IFN receptor

(IFNARKO) in A549 cells dampened RLR induction significantly, and

the additional KO of type II and III IFN receptors (IFNRTKO) further

reduced it (Fig 4D). Unexpectedly, however, even in the absence of

all three classes of IFN receptors, both RIG-I and MDA5 levels were

still significantly induced. We, therefore, analyzed the PBMC super-

natants for their cytokine content. As expected, Ye-exposed PBMCs

secreted substantial amounts of type I (-a2, -b) and II (-c) IFNs

(Fig 4E), coherent with the reduced RLR induction in IFN receptor

KO cells. We further detected the secretion of several pro- and anti-

inflammatory cytokines, in particular IL-1b, IL-6, IL-10, and TNF,

some or all of which may contribute to the observed RLR induction

(Fig 4E). In order to compare these in vitro findings to the physio-

logical situation, we specifically analyzed the immune cell popula-

tion from the nasal mucosa of healthy children and adults for their

expression of these cytokines, incl. IFN-c as a common inflamma-

tory mediator. Strikingly, we found significantly higher expression

for IFN-c, IL-6, IL-10, and TNF (but not IL-1b) in healthy children as

compared to adults (Fig 4F), resembling and confirming our in vitro

observations. To further understand the source of these cytokines

and their contribution to immune–epithelial communication in vivo,

we analyzed ligand–receptor interactions of the single cell data spe-

cifically for IFN-c and TNF (Fig 4G) as well as IL-1 and IL-10

(Fig EV2E–H); there was no significant ligand–receptor interaction

of IL-6. Indeed, all four analyzed cytokines exhibited notably higher

connectivity to the epithelial cell compartment, both in terms of the

number of interactions as well as the respective information flow,

that is, the interaction strength (Fig EV2C). Interestingly, IL17A+

T-cells appeared to be major producers of IFN-c, TNF, and IL-10 in

children, as well as proliferating NK cells for IFN-c
and macrophages for IL-1 (Figs 4G and EV2E–H).

In summary, stimulation of PBMCs in vitro led to the secretion of

type I IFNs as well as pro- and anti-inflammatory cytokines such as

IFN-c, TNF, IL-1b, IL-6, and IL-10. These secreted cytokines medi-

ated upregulation of RIG-I and MDA5 in epithelial cells, to a certain

degree even in the absence of IFN receptors. Particularly, IFN-c,
TNF, IL-6, and IL-10 were also found to be elevated (at the mRNA

level) in the mucosal immune cells of children and to be involved in

immune–epithelial cell interactions. This supports the hypothesis

that immune cells in the mucosa of healthy children are required to

prime the antiviral system of epithelial cells.

IFN-independent priming induces sufficient MDA5 and RIG-I
expression to respond to SARS-CoV-2

We observed enhanced immune–epithelial cross-talk in the mucosa

of children and immune cell-derived cytokines beyond type I and II

IFNs to be capable of stimulating the expression of MDA5 and RIG-I

in epithelial cells. To further test which (if any) of the above-identi-

fied cytokines have the potential to induce RLR expression, we

treated A549 lung epithelial cells with recombinant IFN-c, IL-1b, IL-
6, IL-10, or TNF at a concentration of 10 ng/ml, comparable to the

amount measured in the supernatants of activated PBMCs (compare

Fig 4E). Eight hours after stimulation, we measured MDA5 and RIG-

I levels by qRT-PCR and Western blotting and found particularly

IFN-c and TNF, and to a lesser extent IL-1b, to induce MDA5 and

RIG-I expression (Figs 5A and EV3A). As to be expected, IFN-c
required the presence of the IFN-c-receptor (IFNGR), and RLR

induction was abolished in IFNRTKO (but not IFNARKO) cells. In con-

trast, the effects of TNF and IL-1b were fully independent of any

IFN-signaling (Figs 5A and EV3A). IL-6 and IL-10 did not affect RLR
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expression in A549 cells at all. Importantly, these experiments dem-

onstrated that cytokines such as IFN-c, TNF, and IL-1b produced by

immune cells in vitro and detected in vivo in the mucosa of healthy

children are capable of functionally priming epithelial cells to induce

the expression of viral sensors.

We next investigated how these cytokines might upregulate

RLRs, which clearly are not among their canonical target genes.

TNF and IL-1b are hallmark pro-inflammatory cytokines. Recently,

they were described as being capable of indirectly inducing ISG

expression via the release of mitochondrial DNA, which then acti-

vates the cytosolic cGAS-STING-IRF3 pathway leading to the pro-

duction of type I IFN (Aarreberg et al, 2019; Willemsen et al, 2021).

While secreted IFN was dispensable for RLR induction by TNF and

IL1-b in our experiments (Fig 4G), direct induction downstream of

cGAS and STING was still plausible. Therefore, we checked MDA5

and RIG-I expression in TNF- or IL-1b-stimulated STINGKO and

IRF3KO cells. Surprisingly, at 8 h poststimulation, both STING

and IRF3-deficient cells induced RLR transcription to comparable

levels as WT cells, suggesting that early RLR induction occurred

independently of the cGAS-STING axis (Figs 5B and EV3B). Another

important transcription factor of the IRF family is IRF1. Recently,

IRF1 was described as being involved in the constitutive expression

of antiviral genes such as TLR2, TLR3, and OAS2 (Panda

et al, 2019) and contributing to TNF- and IL-1b-mediated ISG

expression in monocytes and epithelial cells (Yarilina et al, 2008;

Aarreberg et al, 2019). In fact, in IRF1KO cells, we observed virtually

no induction of RIG-I and MDA5 transcripts upon IL-1b treatment,

and also TNF-induced expression was clearly reduced (Figs 5B and

EV3B). Notably, IRF1 is also an important and well-established tran-

scription factor in the IFN-c response (Lee et al, 2006; Murtas

et al, 2013; Forero et al, 2019). We furthermore found elevated IRF1

expression in almost all epithelial and many immune cell types in

the nasal mucosa of children as compared to adults (Fig EV3C).

Taken together, from the cytokines identified in vitro and in vivo,

we found TNF, IFN-c, and, to a lesser extent, IL-1b to be capable of

stimulating the expression of RIG-I and MDA5 in A549 epithelial

cells. This suggests those cytokines critically determine homeostatic

expression of the antiviral system in the epithelium, particularly in

children, with IRF1 being the central transcriptional regulator.

Both in vitro and in vivo, IL-1b appeared to play a minor role.

IFN-c is antiviral, and its signaling and transcriptional responses

have significant overlap with type I/III IFN, hence, its function in

the priming of cells likely resembles that of IFN-b (Figs 1 and 2).

TNF, on the other hand, is a highly pleiotropic cytokine involved in

organogenesis tissue homeostasis, and, importantly, it is a critical

mediator of inflammatory responses. Its biological activity is highly

context– and likely concentration-dependent. We therefore further

investigated the capacity of IFN-independent priming of epithelial

cells by TNF. Confirming our above finding of IRF1-dependence,

TNF-treatment induced transcription of IRF1 to higher levels than

IFN-b, whereas the classical type I ISG Mx1 was substantially higher

in IFN-treatment (Fig 5C). The RLRs MDA5 and RIG-I, however,

were induced similarly by both cytokines. We next assessed MDA5

expression at the protein level upon different TNF doses and treat-

ment times. Indeed, protein levels increased in a dose- and time-

dependent manner (Fig 5D). We then pretreated A549ACE2/TMPRSS2

cells with increasing TNF doses for 8 h before infecting them with

SARS-CoV-2. Twenty-four hours postinfection, we then analyzed

the ensuing antiviral response by measuring IFN-b mRNA levels.

While TNF pretreatment alone did not induce IFN-b, SARS-CoV-2
infection of TNF-primed cells in fact induced significant levels of

IFN-b mRNA in a dose-dependent manner (Fig 5E). In order to cor-

roborate the central role of viral sensing through the RLRs for IFN-

induction in TNF-primed cells, we stimulated RLR-deficient cells

(RIG-I or MDA5 individual KO, or double KO) and checked for

IFN-b production upon infection. Depletion of RIG-I slightly reduced

IFN-b production at the mRNA (Fig 5F) and protein level

(Fig EV3D), whereas IFN-b was almost completely diminished in

◀ Figure 4. Antiviral priming of epithelial cells by immune–epithelial cell crosstalk through cytokines.

scRNA-Seq of nasal swabs from healthy children (4–16 years, n = 18) and adults (≥ 24 years, n = 23) (Loske et al, 2022).
A Assignment of single cell types and states based on their transcriptional profile (Loske et al, 2022). Similar types were grouped into more general classes (“epithelial

cells,” “T-cells”). The relative abundance of immune cell types was determined and compared between children and adults. Figure EV3A shows a detailed immune cell
composition.

B Cell interactivity was determined in children and adults based on the expression of corresponding pairs of signaling ligands (on immune cells) and receptors (on
epithelial cells). The bar graph (left) shows the total number of inferred interactions. The interaction plot (right) shows interactions between specific immune and
epithelial cell types. Line thickness indicates the number of ligand-receptor interactions (yellow = higher numbers in children, blue = in adults). Outer circle seg-
ments: blue marks epithelial cells, pink immune cells. See also Fig EV3B.

C Isolated human PBMCs were exposed to live Gram-negative bacteria (Yersinia enterocolitica, Ye), killed after 1 h by gentamicin treatment. Upon further incubation for
24 h, culture supernatants were harvested and analyzed.

D A549 NT (wild-type control), IFNAR1KO and type I, II, III and IFN receptor triple KO (IFNRTKO) were incubated with collected PBMC supernatants for 8 h. Expression
levels of MDA5 (IFIH1) and RIG-I (RIGI) were determined by qRT-PCR. Values were normalized to GAPDH levels and expressed relative to wild-type A549 incubated with
supernatants from mock-stimulated PBMC.

E The cytokine content of the supernatants of mock-treated or Ye-exposed PBMCs was analyzed by an electroluminescent multiplex assay.
F ScRNA-Seq data (see A) were analyzed for the expression of cytokines (see E) across all immune cell types and states. Values displayed as violin plots with the average

per cell expression level of each donor (n = 18 children, n = 23 adults) shown as dots.
G ScRNA-Seq data were analyzed for ligand–receptor interactions between cell types (cell type identified by color; see panel B) specifically for IFN-c (left) and TNF (right)

signaling in children and adult samples. Interaction strength is coded by line thickness; direction (ligand⇾receptor) indicated by arrowheads; arrows are color-coded
by cell type of origin. See also Fig EV3.

Data information: In (D and E) bars represent means � SD, n = 3 (biological replicates, individual experiments shown as dots). The statistical significance between mock
and stimulated samples was tested by an unpaired, one-tailed t-test. *P < 0.05, **P < 0.01, ***P < 0.001, no asterisk: not significant. In (F) statistical significance was
tested using the Kolmogorov–Smirnov test with a Benjamini-Hochberg correction. **P < 0.01, *P < 0.05.
Source data are available online for this figure.
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MDA5KO and RIG-I/MDA5DKO cells (Figs 5F and EV3D). This effect

was confirmed for the induction of the ISG RSAD2 (Fig EV3E). As

expected, in contrast to IFN, TNF-pretreatment was not impacted by

IFNAR deficiency, corroborating that TNF-priming is independent of

type I IFN signaling (compare Fig 4). It further demonstrates

that IFN-b induction in TNF-primed cells does not require positive

feedback through IFN signaling. Interestingly, IFNARKO cells even

tended to exhibit a slight increase in sensitivity, but below statistical

significance (Figs 5F and EV3D).

Overall, these data suggest that, similar to type I IFN, TNF can

prime the antiviral sensing machinery of epithelial cells sufficiently

to restore IFN-induction upon SARS-CoV-2 infection. This sensitiza-

tion is largely mediated by MDA5, likely through its strong induc-

tion by TNF signaling.

Figure 5.
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Immune cells from children are more effective in inducing MDA5
and mounting an antiviral defense against SARS-CoV-2

So far, our experiments have shown that immune cells, via cytokine

release, can tune the antiviral responsiveness of epithelial cells,

largely through regulating the expression levels of viral sensors such

as RIG-I and MDA5. We observed this to be particularly prominent

in the airway epithelium of children, correlating with their signifi-

cantly stronger induction of antiviral responses upon SARS-CoV-2

infection as compared to adults (Loske et al, 2022). We now wanted

to understand whether the increased number of immune cells in the

mucosal tissue of children (Fig 4A) alone explains the stronger prim-

ing of epithelial cells or whether immune cells of younger individ-

uals additionally have a higher intrinsic potential to produce

cytokines and stimulate RLR expression. We obtained PBMCs from

five healthy adolescents (ages 14–17, median: 15.5 years) and six

adults (ages 35–66, median: 46.25 years); note these individuals

were not participants in our previous scRNA-Seq study (Loske

et al, 2022). We again stimulated the PBMCs by 1-h exposure to live

Ye, after which we killed the bacteria using gentamicin (Fig 6A).

Twenty-four hours later, supernatants of PBMCs were transferred to

A549 cells and MDA5 and RIG-I mRNA levels were assessed after

8 h of incubation. While the supernatants of nonstimulated PBMCs

had no impact on RLR expression, the supernatants of bacteria-

exposed immune cells strongly induced both MDA5 and RIG-I

mRNA (Fig 6B). Interestingly, PBMC supernatants of the younger

individuals elicited significantly higher MDA5 expression in A549

cells than those of adults. RIG-I expression showed a similar but

nonsignificant trend. When we assessed the IFN content of PBMC

supernatants, we observed slightly increased protein levels of all

measured IFNs (IFN-a2, -b, -c, and -k1) in the PBMCs of adolescents

as compared to those of adults, albeit none reached statistical signif-

icance (Fig 6C, further cytokines see Fig EV4). These findings indeed

argue in favor of an intrinsically more vigorous response of immune

cells in younger individuals than cells in adults toward an identical

stimulus.

Lastly, having observed this stronger response of juveniles’

immune cells, we were curious whether this propensity would also

lead to more vigorous responses to SARS-CoV-2 infection. It has pre-

viously been reported that co-cultivation of infected epithelial cells

with plasmacytoid dendritic cells (pDC) allows sensing of infection

and production of type I IFN by pDC (preprint: Venet et al, 2021).

We aimed at reproducing this by co-culturing SARS-CoV-2-infected

A549ACE2/TMPRSS2 cells with PBMCs from the same adolescent and

adult donors as above. We added PBMCs to the epithelial cells 8 h

after the SARS-CoV-2 infection. After 16 h of co-cultivation, we then

determined the secreted cytokine profile (Fig 6D). While in the

absence of PBMC, A549 cells once again failed to secrete appreciable

amounts of IFNs (Fig EV5A), we measured substantial amounts of

type I, II, and III IFNs as well as TNF in the co-culture setting

(Figs 6E and EV5A). Also in this set-up, we found a statistically sig-

nificant tendency of higher IFN and TNF levels in the co-cultures

with PBMCs of adolescents as compared to adults (Fig 6E, further

cytokines see Fig EV5B). Interestingly, this cytokine production by

immune cells likely in turn sensitized virus sensing and IFN-b pro-

duction by the A549 cells, as co-culture of PBMCs with infected

RLR-deficient (RIG-I/MDA5DKO) A549 cells yielded significantly

lower IFN-b and IFN-k1 levels (Fig EV5C).

Overall, our data indicate that in children and adolescents, epi-

thelial cells of the nasal mucosa are potently primed due to at least

two distinct factors: (i) a higher density of immune cells in the

mucosal tissue, and (ii) a more vigorous cytokine production by

those immune cells. The latter most likely also contributes to a

faster and stronger mounting of an antiviral response to SARS-CoV-

2 infection. In effect, this likely forms the basis for the more efficient

immunological control of the infection in children and the substan-

tially lower risk of pediatric patients developing severe courses of

COVID-19.

Discussion

A strong and well-coordinated immune response is key for the suc-

cessful clearance of any viral infection. A central role in the coordi-

nation of the many effector branches of the immune system is

assumed by early and little-specific innate immune responses (New-

ton et al, 2016). Given the extreme replication kinetics not uncom-

mon with viruses, a swift and potent induction of type I and III IFNs

—the major antiviral mediators—by the infected cells themselves as

well as, secondarily, local tissue-patrolling innate immune cells is

key to the proper and timely triggering of a full-fledged and effica-

cious defense program. The swiftness of virus recognition and the

onset of IFN production are even more important given that many

viruses quickly express potent antagonists blunting specifically

these immediate-early host defense pathways (Rai et al, 2021). This

race-like situation is infamously exemplified by the recently

◀ Figure 5. Epithelial cell priming by the proinflammatory cytokine TNF.

A A549 cells with the indicated KOs were treated with 10 ng/ml of individual recombinant human cytokines for 8 h. MDA5 (IFIH1) and RIG-I (RIGI) expression were
determined by qRT-PCR. Values were normalized to GAPDH and expressed relative to mock-treated cells.

B Indicated cell lines were treated with 10 ng/ml IL-1b or TNF, and MDA5 (IFIH1) and RIG-I (RIGI) expression were determined as in (A).
C A549 cells were treated with TNF (10 ng/ml) or with IFN-b (1× IC50, 170 IU/ml) for 16 h. Expression of the indicated IFN-stimulated genes (ISG) was determined by

qRT-PCR.
D Western blot analysis of MDA5 in A549 cells treated with recombinant human TNF at the indicated concentrations (or mock-treated) for 4, 8, or 24 h. The blot is

representative of two biological replicates.
E A549ACE2/TMPRSS2 cells were mock-treated or primed with TNF at the indicated concentrations for 8 h followed by infection with SARS-CoV-2 (MOI 1) for 24 h. IFN-b

(IFNB1) gene expression was determined by qRT-PCR.
F A549ACE2/TMPRSS2 wild-type (NT) cells or with the indicated KO (R/MDKO: RIG-I and MDA5 double KO) were mock-treated or primed with TNF (10 ng/ml) for 8 h

followed by SARS-CoV-2 infection (MOI 1). At 24 h post infection, induction of IFN-b (IFNB1) expression was determined by qRT-PCR.

Data information: In (A–C, E, and F) bars represent means � SD, n = 3 (biological replicates, individual experiments shown as dots). (B, E and F) Statistical significance
was tested by an unpaired one-tailed t-test. *P < 0.05, ***P < 0.001, no asterisk: not significant.
Source data are available online for this figure.

� 2023 The Authors EMBO reports 24: e57912 | 2023 11 of 20

Vladimir G Magalh~aes et al EMBO reports



emerged SARS-CoV-2, which combines very fast replication kinetics

(Cheemarla et al, 2021) with a versatile array of immune antago-

nists that effectively interfere with many steps of the cell-intrinsic

antiviral system (reviewed in Lee et al, 2022). As a consequence,

SARS-CoV-2 infection fails to induce significant amounts of type I

and III IFNs in immune-competent A549 lung epithelial cells

(Blanco-Melo et al, 2020; Neufeldt et al, 2022), as we also confirm

in the present study as well as in further cell culture models.

Figure 6. Antiviral priming of epithelial cells by immune cells of juvenile versus adult donors.

A PBMCs isolated from healthy juvenile (14–17 years) and adult (35–60 years) donors were mock treated or exposed to live Gram-negative bacteria (Yersinia enterocoli-
tica, Ye), killed after 1 h by gentamicin treatment. After 24 h, culture supernatants were harvested and analyzed.

B A549 cells were incubated with the collected PBMC supernatants. After 8 h, expression of MDA5 (IFIH1) and RIG-I (RIGI) was determined by qRT-PCR. Values were nor-
malized to GAPDH levels and expressed relative to A549 not treated with PBMC supernatant.

C Supernatants of mock-treated PBMCs or of PBMCs exposed to Ye were analyzed for their IFN content by electroluminescent multiplex assay.
D A549 cells were infected with SARS-CoV-2 (MOI 0.1) for 8 h before adding PBMCs to the culture. After 16 h of co-culturing, supernatants were harvested and subjected

to cytokine multiplex measurement.
E Levels of secreted cytokines were determined (see Fig EV5B for further cytokines).

Data information: (B, C and E) Values for each donor are shown individually (n = 5 juvenile, n = 6 adult donors); color identifies the donor across all measurements.
Median shown as a solid black line; median of (B and C) mock stimulated samples or (E) co-culture of uninfected A549 with PBMCs shown as a dashed gray line (individ-
ual data points omitted); “v” signifies median below 10�1 pg/ml. Statistical significance between juvenile and adult samples was tested by an unpaired one-tailed t-test.
*P < 0.05, **P < 0.01, no asterisk: not significant.
Source data are available online for this figure.
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Nonetheless, some reports describe notable production of IFNs in

certain cells, including lung and intestinal epithelial cells (Desai

et al, 2020; Katsura et al, 2020; Stanifer et al, 2020). We argue that

this apparent contradiction is a direct consequence of the race-like

virus-host interplay early in infection, which is exceptionally dichot-

omized by SARS-CoV-2: either the cell senses and responds to the

virus fast enough, or the virus shuts off the respective pathways vir-

tually completely. Indeed, we here demonstrate that SARS-CoV-2

nonresponsive A549 cells can be rendered fully responsive by

pretreating them with low-moderate doses of IFN or TNF, under-

scoring that subtle differences in the state of the host cell can be the

basis of an all-or-nothing outcome in terms of IFN production.

The efficient suppression of IFN induction by SARS-CoV-2

appears to be a major determinant for viral replication and spread

and, hence, for disease development. Even though viral antagonists

also target IFN downstream signaling (Lee et al, 2022), overall the

virus remains very sensitive to IFN (Felgenhauer et al, 2020; pre-

print: Lokugamage et al, 2020; Vanderheiden et al, 2020). In fact,

clinical genetics studies clearly established a malfunctioning type I

IFN response as a critical determinant predisposing individuals to

severe and life-threatening COVID-19 (Bastard et al, 2020; Zhang

et al, 2020), but with incomplete penetrance, particularly in adoles-

cents and young adults (Meisel et al, 2021). While high IFN levels

in the lung and serum at later stages of the disease are associated

with severity (Chen et al, 2020; Lee et al, 2020; Lucas et al, 2020),

early and local IFN production right at the primary infection site in

the upper respiratory tract has been appreciated as a major determi-

nant for successful control of infection and mild courses of disease

(Park & Iwasaki, 2020; Cheemarla et al, 2021; Lopez et al, 2021;

Sposito et al, 2021; Wong & Perlman, 2022). By single cell analyses

of cells isolated from nasal swabs, we and others could show that

the high resilience of children toward severe COVID-19 is associated

with an increased expression of virus sensors, in particular MDA5,

in airway epithelial cells already prior to infection and, conse-

quently, with a significantly faster and stronger IFN response upon

SARS-CoV-2 infection as compared to adult patients (Loske

et al, 2022; Yoshida et al, 2022).

Here, we investigated the molecular basis of efficient detection of

SARS-CoV-2 infection and the mounting of a proper IFN response.

For this purpose, we have set up a simplified in vitro model based

on the lung epithelial cell line A549 and validated our findings with

scRNA-Seq data from nasal swab samples. A549 cells are well-

known to have a functional and potent antiviral system (W€ust

et al, 2021; Burkart et al, 2023), but are little responsive to SARS-

CoV-2 infection, similar to what we have previously observed for

airway epithelial cells of adult donors (Loske et al, 2022). In that

study, we found the primed state of epithelial cells in children to be

somewhat reminiscent of an IFN signature that included the

increased expression of the RLRs. We now mimic this state in vitro

by pretreatment of A549 cells with a rather low dose of IFN-b. This
led to the increased expression of a variety of pattern recognition

receptors, allowing us to study their respective impact on functional

SARS-CoV-2 recognition. It has previously been shown that MDA5

is the major receptor sensing SARS-CoV-2 in epithelial cells

(Rebendenne et al, 2021; Sampaio et al, 2021; Thorne et al, 2021;

Yin et al, 2021). Employing an array of CRISPR/Cas9-based func-

tional KOs, we confirmed MDA5 as the single most important sensor

in this system. Notably, there was no impact of TLR/TRIF/MyD88

or cGAS/STING pathways whatsoever in our system. However, we

identified a significant contribution by RIG-I: only simultaneous

depletion of both receptors, MDA5 and RIG-I, completely abrogated

IFN-b production upon SARS-CoV-2 infection. Correspondingly,

moderately elevated expression of RIG-I only—in the complete

absence of MDA5—sufficed to sense infection and trigger the IFN-b
response. The role of RIG-I in sensing the virus has not been widely

appreciated before but was shown in one previous study (Thorne

et al, 2022). Moreover, RIG-I has been implicated with IFN- and

signaling-independent inhibition of SARS-CoV-2 replication by direct

binding to the 30-UTR of the viral genome (Yamada et al, 2021). In

fact, in RIG-IKO cells, we even observed a slight increase in IRF3

phosphorylation and ensuing IFN-b, which might be related to

somewhat stronger viral replication (not confirmed in qRT-PCR) or

increased accessibility to MDA5 in the absence of RIG-I binding.

The observed IFN-like signature in the epithelium of children as

well as our IFN-b priming approach are both associated with the

induction of countless genes. However, our KO studies in A549 cells

confirmed the crucial role of the RLRs for the detection of SARS-

CoV-2. Furthermore, our complementary approach of expressing

only either MDA5 or RIG-I on a double-KO background to levels

slightly above the endogenous situation was sufficient to render

cells responsive to SARS-CoV-2 infection, similar to IFN pretreat-

ment. This supports the notion that elevated expression, specifically

of RLRs, would be causal for stronger IFN production in the upper

airways of children as compared to adults. It is further supported by

the fact that RLR expression, in particular MDA5, is highest in

infants and gradually decreases over childhood and adolescence,

mirroring the increasing risk for severe disease with age (O’Driscoll

et al, 2021). So far, it is unclear whether a further decrease in RLR

expression may also be responsible for the exponentially increasing

risk of severe COVID-19 in the elderly. A previous study showing

reduced vigor of RIG-I signaling in monocytes of aged individuals as

one aspect of immunosenescence may support this idea (Molony

et al, 2017).

This age-dependence of the antiviral responsiveness of epithelial

cells may be due to a developmental program. In fact, it has been

shown that a subset of ISGs is highly expressed in the stem cell com-

partment and is lost during differentiation (Wu et al, 2018). How-

ever, this stem cell program appears to be tuned for direct antiviral

effectors at the expense of the inducible IFN response, and indeed,

neither RIG-I nor MDA5 are expressed at significant levels in stem

cells (Wu et al, 2018). Alternatively, the elevated expression in the

airway epithelia of infants and school-age children may be mediated

by immune–epithelial cell interactions (Larsen et al, 2020; Hewitt &

Lloyd, 2021). Interestingly, we find substantially higher proportions

of immune cells in the mucosa of healthy, that is, noninfected, chil-

dren as compared to adult donors (see also Loske et al, 2022) and

we also find stronger immune–epithelial cell interactivity. We

hypothesize immune cells, particularly upon frequent microbial

encounter in a nonsterile environment such as the upper respiratory

tract, give rise to a cytokine milieu capable of priming the antiviral

sensing machinery of epithelial cells. This hypothesis was confirmed

in vitro, where we found bacteria-exposed immune cells to potently

stimulate RLR expression in epithelial A549 cells through cytokines

such as IFN-a, IFN-c, TNF, and to some lesser extent, IL-1b. Indeed,
also in vivo, we found IFN-c and TNF to be significantly higher

expressed in the mucosal immune cells of healthy children than in
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those of adults. Interestingly, we did not find significant expression

of type I or III IFN in our scRNA-Seq data. This may be due to tech-

nical reasons, but in the organism, those IFNs are also stringently

restricted to the acute phase of an infection in order to prevent

harmful side effects (Crow & Stetson, 2022). Importantly, despite

RIG-I and MDA5 being classical ISGs, type I IFNs were not decisive

in epithelial RLR upregulation by immune cells, and even in fully

IFN-blind (type I, II, and III) A549 IFNRTKO cells, the RLRs were still

significantly induced. This is in line with other studies in which

MDA5 (Matikainen et al, 2006; Yarilina et al, 2008; Venkatesh

et al, 2013) and RIG-I (Matikainen et al, 2006; Yarilina et al, 2008;

Venkatesh et al, 2013) could be induced in an IFN-independent

manner, for example, by TNF, leading to an enhanced response

toward influenza virus (Matikainen et al, 2006; Yarilina et al, 2008;

Venkatesh et al, 2013). Although recently both IL-1b and TNF were

shown to lead to mitochondrial DNA release and signaling through

the cGAS/STING/IRF3 pathway to induce IFNs and ISGs (Aarreberg

et al, 2019), in KO experiments we could show that in our system

RLR upregulation was completely independent of STING and IRF3,

but instead almost entirely dependent on IRF1. While this was sur-

prising at first, it is in line with reports ascribing a central role to

IRF1 in regulating constitutive expression of antiviral genes, such as

TLR2, TLR3, and OAS2 (Panda et al, 2019), and contributing to

TNF- and IL-1b-mediated ISG expression in monocytes and epithe-

lial cells (Yarilina et al, 2008; Aarreberg et al, 2019). Interestingly,

IRF1 is also a major transcription factor downstream of IFN-c, mak-

ing it a central regulator for the antiviral priming of airway epithelial

cells. Taken together, this suggests immune cells in the respiratory

mucosa tune the antiviral system of epithelial cells by creating a

weak but constitutive inflammatory cytokine milieu. It remains to

be elucidated whether an increased frequency of microbial encoun-

ters by children, for example, during play or generally less hygienic

behavior, contributes to immune cell activation. Importantly,

though, even upon experimental stimulation with equal amounts of

bacteria, we observed a stronger potential of PBMCs of young

donors to induce MDA5 and RIG-I expression in A549 cells as com-

pared to adult PBMC, presumably due to a slight tendency for

increased cytokine production. This once again highlights the higher

reactivity of the (innate) immune system of younger individuals.

The opposite effect has been described as immunosenescence, refer-

ring to less potent immune responses in the elderly (Shaw

et al, 2013), and might very well be a major contributor to the dras-

tic increase in morbidity and mortality of COVID-19 in the aged pop-

ulation. Indeed, at the time of writing this manuscript, a very

elegant study reported on the molecular underpinnings of exacer-

bated disease in old mice (Beer et al, 2022). The authors identified a

lack of IFN-c in aged mice as the driving factor behind excessive

viral replication and a lack of immunological control of infection.

Pretreatment of mice with exogeneous IFN-c almost completely

reverted the aged phenotype. This appears to be a perfect mirror

image of our above findings of IFN-c (and TNF) being constitutively

expressed at higher levels in the airways of young individuals, lead-

ing to antiviral priming of epithelial cells and a more potent overall

immune response to SARS-CoV-2 infection.

Interestingly, while in vitro A549 cells did not produce notable

amounts of IFNs and other cytokines in response to SARS-CoV-2

inoculation, co-cultivation of infected A549 together with PBMCs

gave rise to high levels of type I, II, and III IFN, as well as increased

amounts of TNF and IL-6. This is likely caused by direct cell–cell

contact of pDCs and possibly other innate immune cells with

infected A549, enabling sensing of and responding to infection by

the immune cells, as reported recently (preprint: Venet et al, 2021).

In turn, this will sensitize virus sensing by the epithelial cells, as we

have shown above, leading to further increased IFN production. In

fact, we found the majority of IFN-b and -k to be dependent on RLR

sensing in epithelial cells, highlighting the complex interplay of

immune and epithelial cells in the establishment of a full-fledged

antiviral response. Of note, also in this setting, we found a signifi-

cant tendency toward stronger cytokine production when PBMCs

were from juveniles as compared to adult donors. It will be interest-

ing to further dissect the contribution of epithelial versus immune

cells to the overall cytokine production in this setting in a future

study. The importance and complexity of epithelial–immune cell

interactions during viral infection have only begun to be appreciated

in recent years (Hewitt & Lloyd, 2021; Barnett et al, 2023). For

example, upon SARS-CoV-2 infection, isolated epithelial cells were

found not to release IL-1b; however, the presence of myeloid cells

primed the inflammasome system of epithelial cells, resulting in

robust production and secretion of the pro-inflammatory cytokines

IL-1b and IL-6 upon infection (Barnett et al, 2023).

Our study has limitations, and the proposed model clearly needs

to be further tested in more authentic setups, ideally in vivo, in the

future. In particular, our in vitro model is based on the lung

adenocarcinoma-derived cell line A549, which might differ in vari-

ous aspects from primary airway epithelial cells. Nonetheless, spe-

cifically, the cell-intrinsic antiviral response is remarkably

functional in A549 cells, and they are widely accepted as a model

system for this aspect. Furthermore, crude PBMCs may be a poor

surrogate for tissue resident or transiently patrolling immune cells

found in the healthy mucosa. We tried to alleviate these limitations

by cross-checking and validating our observations in scRNA-Seq

data from nasal airway swabs. While our in vitro findings are com-

patible with accumulating human data from scRNA-Seq studies

(Loske et al, 2022; Yoshida et al, 2022), those in vivo data are only

cross-sectional snapshots. Further, longitudinal experiments, for

example, in animal models such as the Syrian hamster (Francis

et al, 2021; Nouailles et al, 2021) or in mice (Beer et al, 2022), will

be helpful in better understanding the complex interplay of immune

and epithelial cells before and during infection.

Taken together, on the background of previous studies, our find-

ings suggest a model of the interplay of immune cells and epithelial

cells in the context of SARS-CoV-2, and probably many other virus

infections. Common pro-inflammatory cytokines such as TNF or

IFN-c are likely constitutively present at low levels in the nonsterile

environment of the airway mucosa and critically tune the expression

of virus-sensing pathways in epithelial cells. In younger individuals

up to adolescence, both an increased number of mucosal immune

cells and their higher intrinsic propensity to produce such cytokines

lead to an increased expression of MDA5 and RIG-I in epithelial cells

as compared to adults. Under these conditions, SARS-CoV-2 infec-

tion is recognized more readily and leads to stronger induction of

epithelial type I and III IFN and a more robust epithelial cell-intrinsic

antiviral defense. The high number of immune cells and their ele-

vated sensitivity in younger individuals in turn lead to a more ready

detection of infected epithelial cells and consequently a stronger

ensuing immune activation, amplifying the epithelial response and
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leading to a potent antiviral state of the tissue. This very likely

affects the response to many, if not all, respiratory viruses. Seem-

ingly at odds with our model, infections such as respiratory syncytial

virus (RSV) or influenza virus are well-known to cause much higher

morbidity among (young) children than in adults. However, it needs

to be considered that those are widely circulating pathogens to

which potent adaptive immune responses develop rapidly within the

first few years of life (Bodewes et al, 2011; Andeweg et al, 2021),

providing powerful protection against severe disease throughout

most of adulthood. For the pandemic SARS-CoV-2, in contrast, indi-

viduals of all age classes were initially immuno-na€ıve. Interestingly,

in the absence of adaptive immune responses, also RSV and influ-

enza virus infections very likely cause more severe disease in adults

as compared to children, as described for immunocompromised

patients (Whitley & Monto, 2006; Chatzis et al, 2018) or in viral pan-

demics such as the 1918 “Spanish Flu,” during which large parts of

the population initially were immuno-na€ıve (Ahmed et al, 2007).

While this general age trend is consistent with our proposed model,

the clinically observed higher morbidity of RSV (and influenza) as

compared to COVID-19, particularly in neonates and infants, likely

owes this to a complex combination of virological, anatomical, and

immunological reasons.

In conclusion, our study sheds light on the vital contribution of

immune cells to tissue homeostasis, in particular with regard to fine-

tuning tissue sensitivity to virus infection. While this is likely of very

broad and general relevance, we found it to be a hallmark difference

between the airway mucosal innate immune response to SARS-CoV-2

infection in children and that in adults. A slight constitutive inflamma-

tory milieu, mediated by immune cell-derived cytokines such as IFN-c
and TNF, leads to the IRF1-dependent upregulation of the crucial virus

sensors RIG-I and MDA5, and thereby to a significantly increased

overall sensitivity of the epithelial cell-intrinsic antiviral system. This

enables the airway epithelium to more rapidly mount an efficacious

and properly coordinated immune response, favoring successful con-

tainment of virus infection. Our results suggest it may be worthwhile

exploring prophylactic strategies for SARS-CoV-2 and other respiratory

infections aiming at mimicking the mucosal tissue homeostasis

of school-age children, for example, through inhalation of low-dose

cytokine formulations (Meng et al, 2021).

Materials and Methods

Cell lines

A549 (RRID: CVCL_LI35), Calu-3 (RRID: CVCL_0609), and HEK-

293T (RRID: CVCL_0063) cells were cultured in Dulbecco’s modified

Eagle medium (DMEM high glucose, Life Technologies) supple-

mented with 10% (v/v) heat-inactivated fetal bovine serum (FBS)

(Thermo Fisher Scientific), 100 lg/ml penicillin, 100 lg/ml strepto-

mycin (Life Technologies), and 1% nonessential amino acids

(Thermo Fischer Scientific), and maintained in a humidified atmo-

sphere containing 5% CO2 at 37°C. All cells were negative for myco-

plasma (Mycoplasmacheck, Eurofins Genomics).

A549-derived knockout cell lines for MyD88 (Krischuns

et al, 2018), MAVS (Krischuns et al, 2018), RIG-I (Willemsen

et al, 2017), MDA5 (Plociennikowska et al, 2021), RIG-I/MDA5

(referred to as RIG-I/MDA5DKO) (Plociennikowska et al, 2021), IRF3

(Urban et al, 2020), IRF1 (W€ust et al, 2021), IFNAR1 (W€ust

et al, 2021), IFNAR1/IFNLR/IFNGR1 (referred to as IFNRTKO) (W€ust

et al, 2021), and nontargeting CRISPR control cells (NT) (W€ust et al,

2021) were generated by CRISPR/Cas9 technology as described

before. A549 knockout cell lines for TRIF and STING were generated

using the lentiCRIPSR system (Sanjana et al, 2014; W€ust et al, 2021)

with the following gRNA sequences: TRIF: 50-GTGAGGCCAGG
ATCTCTCTAG-30, STING: 50-TGTGCGCAGCTCCTCAGCC-30 were

validated as shown in Fig EV1F.

A549 stably expressing RIG-I or MDA5 in RIG-I/MDA5DKO cells

were produced by lentiviral transduction using a pWPI-based vec-

tor, with transgene expression of codon-optimized RIG-I and MDA5

under the control of the murine ROSA26 promoter, which has a

weak promoter activity in human cells. Empty vector controls were

generated accordingly.

Generation of PBMC

Peripheral blood mononuclear cells (PBMC) for bacterial stimulation

were isolated from the Buffy coats of healthy volunteers, obtained

through ZKT T€ubingen GmbH. Buffy coats were diluted 1:7 with

Dulbecco’s PBS (Life Technologies). PBMCs were obtained by density

gradient centrifugation at 1,000 g for 20 min at room temperature with

a 35-ml cell suspension stacked on 15 ml of BioColl separation solu-

tion (Biochrom). The interphase containing PBMCs was abstracted

and washed twice with PBS. PBMCs were frozen in aliquots of 2 × 107

cells in RPMI1640 containing 20% FBS and 10% DMSO at �150°C

until further use. The study was approved by the local ethics commit-

tee (240/2018BO2) and complies with the declaration of Helsinki and

the good clinical practice guidelines on the approximation of the laws,

regulations, and administrative provisions of the member states relat-

ing to the implementation of good clinical practice in the conduct of

clinical trials on medicinal products for human use.

Peripheral blood mononuclear cells of donors of specific ages

were obtained from participants of the COVID-19 household study

in Baden-W€urttemberg, Germany. This study was initiated by the

University Children’s Hospitals in Freiburg, Heidelberg, T€ubingen,

and Ulm and approved by the respective independent ethics com-

mittees of each center. Blood samples for this substudy were col-

lected at study site Ulm in July 2020. Epidemiological and

serological data describing the larger cohort have been published

previously (Stich et al, 2021; Haddad et al, 2022; Renk et al, 2022).

The study is registered at the German Clinical Trials Register

(DRKS), study ID 00021521, conducted according to the Declaration

of Helsinki. For the present study, only donors were included that

had no history of COVID-19 as well as had tested negative in three

serological assays (EuroImmun-Anti-SARS-CoV-2 ELISA IgG/S1/,

Siemens Healthineers SARS-CoV-2 IgG/RBD/, and Roche Elecsys Ig

/Nucleocapsid Pan Ig/). PBMCs were selected from heparinized full

blood by a standard density gradient (Pancoll Separating Solution,

PAN-Biotech), and cryopreserved in medium containing 75% FBS,

15% RPMI (PAN-Biotech), and 10% DMSO (Serva) at �196°C in liq-

uid nitrogen until further analysis.

Cytokine stimulation

A549 IFNAR1KO, IFNRTKO, and the corresponding NT control cells

were seeded at a density of 1.5 × 105 cells per well in 500 ll of

� 2023 The Authors EMBO reports 24: e57912 | 2023 15 of 20

Vladimir G Magalh~aes et al EMBO reports



supplemented DMEM. The next day, cells were stimulated with

10 ng/ml of TNF (ab259410, Abcam), IL-6 (7270-IL, R&D Systems),

IL-1b (ALX-502-001, Enzo Life Sciences), IL-10 (ab259402, Abcam),

and IFN-c (285-IF-100/CF, R&D Systems). After 8 h, cells were

washed with PBS and lysed by adding 300 ll of Monarch RNA Lysis

Buffer and stored frozen �80°C until further analysis.

Infection

For infection with SARS-CoV-2, A549 cells were seeded in a 24-well

plate at a density of 4 × 104 cells. The next day, cells were tran-

siently transduced with lentiviral vectors coding for ACE2 and

TMPRSS2. In order to ensure homogeneous high-efficiency trans-

duction, A549 cells were incubated with lentiviral supernatants

diluted 1:20 (v/v) in culture medium containing 10 lg/ml polybrene

(Merck Millipore) and centrifuged at 805 × g at 20°C for 30 min. At

24 h posttransduction, cells were either mock-stimulated or simu-

lated with 170 U/ml IFN-b or 10 ng/ml TNF for 16 and 8 h, respec-

tively. After stimulus, cells were washed once with PBS and

incubated with 200 ll/well of DMEM containing SARS-CoV-2 at an

MOI of 0.1 (IFN-b) and 1 (TNF). One hour after inoculation, cells

were washed once with PBS and fed with 500 ll/well of DMEM sup-

plement with 2% FCS. Twenty-four hours after inoculation, cells

were washed once with PBS and lysed for qPCR and western blot

analyses. The experiments involving viral infections were conducted

within a Biosafety Level 3 (BSL-3) facility at the German Cancer

Research Center (DKFZ).

RNA isolation and RT-qPCR

Total RNA was isolated from cells using the Monarch Total RNA

Miniprep Kit (New England Biolabs), employing on-column diges-

tion of residual DNA by DNAseI treatment, according to the manu-

facturer’s instructions. Isolated RNA was reverse transcribed using

the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher

Scientific) with random hexamer primers according to the manufac-

turer’s specifications. Transcript levels were assessed by real-time

PCR using the iTAQ Universal SYBR Green Supermix (BioRad) on a

BioRad CFX 96 Real-Time PCR Detection System. Primers for qPCR

were used as the following:

SARS-CoV-2-ORF1 forward: 50-GAGAGCCTTGTCCCTGGTTT-30,
SARS-CoV-2-ORF1 reverse: 50-AGTCTCCAAAGCCACGTACG-30, IFIH1
(MDA5) forward: 50-TCGTCAAACAGGAAACAATGA-30, IFIH1 reverse:

50-GTTATTCTCCATGCCCCAGA-30, RIGI (RIG-I) forward: 50-CCCT
GGTTTAGGGAGGAAGA-30, RIGI reverse: 50-TCCCAACTTTCAAT
GGCTTC-30, IFNB1 (IFN-b) forward: 50-CGCCGCATTGACCATCT
A-30, IFNB1 reverse: 50-GACATTAGCCAGGAGGTTCTC-30, GAPDH

forward: 50- CGGAGTCAACGGATTTGGT-30, GAPDH reverse: 50-TT
CCCGTTCTCAGCCTTGAC-30, 45S rRNA forward: 50-GAACGGTGGT
GTGTCGTT-30, 45S rRNA reverse: 50 -GCGTCTCGTCTCGTCT

CACT-30, RSAD2 forward: 50-CGTGAGCATCGTGAGCAATG-30,
RSAD2 reverse: 50- CTTCTTTCCTTGGCCACGG-30, IFIT1 forward:

50-GAATAGCCAGATCTCAGAGGAGC-30, IFIT1 reverse: 50-CCATTT
GTACTCATGGTTGCTGT-30.

Quantification of target gene expression was done using the DCT
method (normalization to housekeeping gene only) or DDCT
method (normalization to housekeeping gene and to a reference cell

line/condition).

Western blotting

Mock and infected samples were lysed with 100 ll of sample buffer

(30 mM Tris [pH 6.8], 0.05% bromophenol blue, 10% glycerol, 1%

SDS, and 2.5% b-mercaptoethanol) supplemented with 1 ll of

benzonase to cleave contaminant DNA. Denaturation was obtained

by heating at 95°C for 5 min. Samples were subjected to SDS-PAGE

on a 10% polyacrylamide gel for 90 min at 100 V and blotted onto a

polyvinylidene (PVDF) membrane (0.2 lm) by wet transfer for

120 min at 350 mA. Membranes were blocked with blocking buffer

(5% BSA in TBS containing 0.1% Tween 20) for 1 h at room tem-

perature, followed by overnight incubation with primary antibodies

on a shaker at 4°C. After washes with TBS containing 0.1% Tween

(TBS-T), membranes were incubated with horse radish peroxidase

(HRP)-conjugated secondary antibody for 1 h in blocking buffer at

room temperature. Membranes were rewashed 3× with TBS-T, and

proteins were visualized using the Clarity Western ECL substrate

(Bio-Rad) and a high-sensitive charge-coupled device (CCD) camera

(ChemoCam Imager 3.2; INTAS). Images were processed by the

Imagej/Fiji software.

The following commercially available antibodies were used: rab-

bit monoclonal antibodies anti-p-IRF3 (S396) (#4947S, RRID:

AB_823547), anti p-STAT1 (Y701) (#7649S, RRID: AB_10950970),

anti-STAT2 (#72604S, RRID: AB_2799824), anti p-STAT2 (Y690)

(#D3P2P, RRID: AB_2773718) were purchased from Cell Signaling

Technology. Mouse monoclonal antibodies anti-GAPDH (sc-47724,

RRID: AB_627678) and anti-IRF3 (sc-3361, RRID: AB_627826) were

from Santa Cruz Biotechnology. Mouse monoclonal anti-RIG-I (AG-

20B-0009, RRID: AB_2490189) and anti-STAT1 (610115, RRID:

AB_397521) were obtained from Adipogen and BD Biosciences,

respectively. Rabbit polyclonal anti-MDA5 (ALX-210-935-C100,

RRID: AB_2051837) was purchased from Enzo Life Sciences and

mouse monoclonal anti-b-actin (A5441, RRID: AB_476744), along

with anti-mouse and anti-rabbit antibodies coupled with HRP

(A4416, RRID: AB_258167; A6154, RRID: AB_258284) were

obtained from Sigma-Aldrich.

Stimulation and infection of PBMC

Isolated PBMCs were thawed in a 37°C water bath, mixed with 9 ml

of culture medium supplemented with 50 KU DNAse I (Millipore),

and centrifuged at 350 × g for 10 min. The supernatant was then

aspirated and cells resuspended in 5 ml of culture medium

containing 200 KU DNAseI, kept at 4°C for 20 min, and viable cells

quantified by trypan blue. PBMCs were seeded at 1 × 106/ml into

24-well tissue plates. For stimulation with Yersinia enterocolitica

(WA-314, serotype O:8), the bacterial stock was pelleted, washed

once with PBS, resuspended in culture medium, and mixed with

PMBC at a ratio of one bacterium per cell for 1 h. Bacterial growth

was inhibited by supplementing media with 20 lg/ml gentamicin

(Biochrom). At 24 h post-treatment, cell suspensions were collected,

centrifuged at 1,000 × g for 5 min, and the resultant supernatants

were frozen at �80°C until further analysis.

Co-culture of A549 and PBMC

For co-culture experiments, A549ACE2/TMPRSS2 were mock infected or

infected with SARS-CoV-2 for 8 h, followed by incubation with
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1 × 106 isolated PBMCs in 1 ml of culture medium in a 24-well plate.

Cell suspensions were collected after 16 h co-culture, centrifuged at

1,000 × g for 5 min and supernatants were harvested and treated

with 0.1% beta-propiolactone at room temperature for 1 h and at

37°C for 2 h. Samples were stored at �80°C until further analysis.

dsRNA stimulation via electroporation

To synchronously stimulate the RIG-I pathway in A549 cells,

electro-transfection was used as described in (Burkart et al, 2023).

Briefly, 4 × 106 mock-treated or IFN-treated cells were resuspended

in 400 ll of cytomix buffer (120 mM KCl, 0.15 mM CaCl2, 10 mM

KPO4, 25 mM HEPES, 2 mM EGTA, and 2 mM MgCl2) and trans-

ferred to a 0.4 cm cuvette chamber containing 220 ng of in vitro

generated 400-bp 50 ppp-dsRNA (Binder et al, 2011). The suspension

was electroporated using the Gene Pulser Xcell modular system

(150 V, 10 ms exponential decay). Electroporated cells were trans-

ferred to prewarmed DMEM and washed twice with DMEM before

being distributed on 6-well plates containing 5 × 105 cells in 1.2 ml

of medium per well. At the indicated time points, cells were washed

once with PBS and lysed for qPCR analysis.

Read-out by MSD electrochemiluminescent multiplex assay

To quantify the level of released IFN, chemokine, and proinflamma-

tory cytokines, the supernatants of mock and stimulated PBMCs

were subjected to electrochemiluminescent multiplex assay using

kits from Meso Scale Discovery. IFN-a2, IFN-b, IFN-k1 (IL-29), and

IFN-c were measured with human U-PLEX Interferon Combo

(K15094K), whereas the proinflammatory cytokines IL1-b, IL-6, and
TNF were determined using the human V-PLEX Proinflammatory

Panel 1 Kit (K15049D). Production of GM-CSF, IL-2, IL-4, IL-8, IL-

10, and IL12p70 were detected by a customized U-PLEX Biomarker

Group 1 (K15067L). Assays were performed according to the manu-

facturer’s instructions, read out by the MSD Quickplex SQ120

device, and data evaluated using the MSD Discovery Workbench

software (version 4.0). Values below the limits of quantification

(LLoQ) were denoted as not detectable (nd).

Single cell RNA sequencing data analysis

Single cell data, including details on sample preparation, study par-

ticipants (exact ages), and the molecular definition of cell types and

states was reported previously (Loske et al, 2022) and is publicly

available as a Seurat object (doi: 10.6084/m9.figshare.14938755).

Briefly, nasal airway swabs of healthy and SARS-SoV-2-infected chil-

dren and adults were obtained and analyzed by single-cell RNA

sequencing (scRNA-Seq). For the present study, further analyses

were performed exclusively based on the samples of healthy donors,

comprising 18 children (4.03–16.11 years, median age 9.0 years)

and 23 adults (24–77 years, median age 46.0 years). Therefore, the

Seurat object was subsetted to only SARS-CoV-2 negative samples

using the subset function of Seurat (https://github.com/satijalab/

seurat). The final object had 114,296 cells (SARS-CoV-2-negative

children 51,595; negative adults 62,701). For all scRNA-Seq analyses

Seurat 3.2.2 was used.

Cell–cell interaction analyses of scRNA-Seq data were performed

using CellChat 1.5.0 (Jin et al, 2021). The interaction database was

augmented with novel interaction pairs identified by Shilts

et al (2022). Only interactions emanating from immune cells, that

is, with ligands being expressed by immune cells, and targeting

receptor-expressing epithelial cells were retained. Pathway-level

interactions were derived using the built-in annotations of CellChat.

Statistical analysis

Unless stated otherwise, experiments have been repeated three

times on different days (i.e., biological replicates), with each repeti-

tion comprising duplicate or triplicate wells (i.e., technical repli-

cates). Shown are mean values with error bars representing

standard deviations (SD), always representing the means and SD

across independent repetitions (with technical replicates averaged

before). For the sake of transparency, means of each repetition are

displayed as individual data points in the graphs.

Differences between two data sets were tested for statistical sig-

nificance by an unpaired, one-tailed Student’s t-test if not stated oth-

erwise. We used one-tailed tests as all experiments study effects in a

predefined direction (induction of gene expression/cytokine produc-

tion or inhibition of virus replication), and the null hypothesis was

formulated accordingly. Statistical analyses and data plotting were

performed using GraphPad Prism (v.9).

P-values for violin plots showing MDA5 and RIG-I expression

levels across all epithelial cells were calculated using the Seurat

function FindMarkers(), applying the Wilcoxon test, and adjusted

with Bonferroni correction. Age-groups were chosen such that they

reflect the actual ages of participants (4–7: n = 5, 8–11: n = 8, 12–

16: n = 5); binning in the classical 0–6, 7–10, 11–18 groups did not

change statistical significance.

P-values for violin plots showing average cytokine expression in

immune cells across samples were calculated using the ks.test func-

tion of R and corrected with the Benjamini-Hochberg method

(Benjamini & Hochberg, 1995).

Data availability

No large primary datasets have been generated and deposited.

Expanded View for this article is available online.
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